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[http://dx.doi.org/10.1063/1.4807439] The Purcell effect (PE) has been widely demonstrated on systems combining photonic microcavities with embedded quantum nanostructures [1] [2] [3] to enhance the spontaneous emission (SE) rate. [4] [5] [6] [7] The PE is also relevant for fast modulation purposes 8 and efficient laser emission. [9] [10] [11] The Purcell factor (PF) accounts for the interaction between a quantum emitter and the optical cavity mode. Under ideal conditions of spectral, spatial, and polarization matching between the emitter and the mode, the magnitude of such interaction equals the figure of merit, F p . 12 In the case of an optical mode in a photonic crystal microcavity (PCM) a high F p is provided due to the large quality factor to mode volume ratio (Q/V). 1 Onedimensional nanostructure emitters like quantum wires (QWRs) are of great interest for laser devices since they exhibit a reduced dimensionality and a large density of states. 13, 14 In addition, the nanostructures based on InAs/InP enable the fabrication of light sources at the spectral windows of interest from the technological point of view (1.31 and 1.55 lm). 15, 16 Since the early demonstration of lasing action in QWR-based devices, 17 further improvements have been made in the performance of the host optical cavities. PCMs have provided low threshold powers in QWR lasers at low 18 and room temperature. 19 To understand in deep the laser emission and for an accurate treatment of the rate equation formalism in microcavity lasers, it is necessary to determine the PF. 10, 20 The correct and unambiguous determination of the PF may also provide insights in the determination of the laser threshold. 21 In this work we have measured the dependence of the decay time on the excitation power in lasing and non-lasing optical modes of PCMs with QWRs by time resolved measurements. We have found that in non-lasing modes the decay time varies softly with the power due to the increasing contribution of free excitons. In lasing modes it has been measured an expected decrease of the decay time as the excitation power increases. The decrease takes place even at very low excitation powers, making ambiguous the determination of the PF value, which might be easily overestimated. We have found that in this situation the PF can still be determined by measuring the variation of the time decay with the excitation power.
Photonic crystal L7-microcavities 22 fabricated on InP membranes and containing a single layer of InAs selfassembled QWRs emitting at 1.5 lm have been fabricated. The self-assembled InAs/InP QWRs were grown by solid source molecular beam epitaxy. This active layer was embedded into a 237 nm slab of InP deposited onto a 929 nm thick sacrificial layer of In 0.53 Ga 0.47 As. More details about growth, morphology, and low temperature emission properties of the QWRs can be found in Ref. 15 . The L7-type PCMs were fabricated by removing seven holes along the C-K direction of a triangular lattice. 23 The lattice constant was a ¼ 410 nm while the radius (r) of the holes was changed from 0.20a to 0.32a to tune the spectral position of the fundamental mode with the emission of the QWRs. The linear defect of the cavity is oriented parallel to the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , while the mode volume and effective index (n eff ) for the fundamental mode are 1.1(k/n) 3 and 2.78, respectively. 19 The QWRs exhibit a broad emission and optical absorption, spatial, and spectral detuning resulting in a measured PF not larger than 3. 10, 24, 25 This value of PF provides a weak coupling regime at the same time than lasing, which makes our system especially suitable for PE studies on lasing modes.
For the measurement of the PF we have used time resolved micro-photoluminescence spectroscopy (TRPL) at 77 K using a fiber based confocal microscope (effective diaphragm aperture %5 lm). Excitation was done at 980 nm (below the InP absorption band edge) by a ps-pulsed laser diode with a repetition rate of 40 MHz. An aspheric lens (NA ¼ 0.6) was employed to focus the collection and the excitation light under confocal conditions with a spot diameter %1.5 lm. The collected light was guided to a 0.5 m focal length spectrometer and detected by an InGaAs linear photodetector array. TRPL spectra were measured using an InGaAs avalanche photo-diode. The PF is determined by measuring the decay time of the emitters coupled to an optical cavity mode (s CAV ) with respect to the decay time of the bare emitters located outside of the cavity (s 0 ). Figure 1(a) shows the PL spectrum of an ensemble of bare QWRs at 77 K. It consists of a broad band centered at 1451 nm, which is fitted as the sum of several Gaussian peaks, each of them ascribed to QWRs of different height. 16 The QWRs present slightly different exciton lifetimes, ranging from 1.8 to 2.7 ns at the wavelengths of interest. Figure  1(b) shows the PL spectrum corresponding to the mode structure of a L7-PCM with QWRs. Four narrow peaks can be observed, corresponding to the lowest-energy optical modes of the L7 PCM (labeled as O1, O2, O3, and E1). The QWRs within the PCM result in laser emission if spectral matching conditions are met.
Figure 2(a) shows the integrated laser emission intensity versus the excitation power (L-L curve) obtained in an L7-PCM laser, with a ¼ 410 nm and r/a % 0.29. The lasing occurs in the fundamental mode O1 at the wavelength k(O1) ¼ 1442 nm with a Q ¼ 15 500 at the low excitation power regime. The L-L curve shows a soft kink between the excitation power values 6 lW and 12 lW, noted by the change in the slope. Such a soft transition from spontaneous to stimulated emission is characteristic of high beta lasers. 26 The L-L curve was fitted using the stationary solution of a rate equations model. 19 We have considered as free parameters the spontaneous emission factor ß, the differential gain g, and the transparency carrier density N tr . The other parameters of the model were fixed as in Ref. 20 provided that the material, the type of cavity, and the fabrication process are the same. Only the cavity photon lifetime and the nonradiative recombination rate have been considered to take a different value. The photon lifetime is 12 ps according to the Q factor of this cavity (15 500). The non-radiative recombination processes are negligible at this temperature (77 K) for this type of QWRs as follows from the analysis performed in Ref. 15 . The best fitting is obtained for ß ¼ 0.15,
, and N tr0 ¼ 7.9 Â 10 16 cm
À3
. However, the threshold pump power might be located in principle at any point covered by the soft kink region, between 6 and 12 lW. For those values, the fitting parameters (ß, g, N tr ) obtained are (0.1, 0.67g 0 , 0.75N tr0 ) at P th ¼ 6 lW and (0.3, 2.2g 0 , 1.5N tr0 ) at P th ¼ 12 lW, which result in the same curve depicted by the solid line of Fig. 2(a) . Hence, we conclude that our laser can be safely characterized within the P th values above mentioned. Figure 2(b) shows the evolution of the k=Dk value, which is nearly constant %13 500 below 5.6 lW and increases for larger excitation powers, reaching a maximum value %21 000 around 14.4 lW. Figures 2(c)-2(e) show the influence of the optical amplification in the PL transients measured at the wavelength of the O1 mode. At 1.6 lW the PL transient is essentially mono-exponential with a decay time $2 ns [ Fig. 2(c) ]. When the optical pumping increases to 5 lW, the mono-exponential decay does not fit well and a double exponential function with a short and long decay times is required [ Figs. 2(d) and 2(e) ]. The short decay times are 0.3 ns at 4.8 lW and 0.1 ns at 6.5 lW (close to the system response). On the other hand, the long decay time presents a smaller dependence on the excitation power (within 1.75-1.55 ns). The existence of a long decay time can be attributed to the existence of photon recycling processes, as reported in H-type PCMs with an embedded InGaAsP QW. 10 In our case, we also expect a background contribution from QWRs poorly coupled to the lasing mode of the PCM. 24 To evaluate the influence of the stimulated emission in the dependence of the decay times on the excitation power, we have compared time resolved measurements of lasing and nonlasing modes from different PCMs at nearly equal wavelengths. Figure 3 Fig. 2 . In this case, the cavity photon lifetime is 14 ps, slightly higher than that of Fig. 2 . As before, we have performed a series of fittings, in this case covering the range from 8 lW to 20lW. Within that range, the fitting parameters (ß, g, N tr ) take the values from (0.026, 0.47g 0 , 0.57N tr0 ) to (0.17, 3.2g 0 , 1.4N tr0 ), respectively. The values of P th are higher than those for the laser analyzed in Fig. 2 due to the lower gain, as derives from the fittings. This means that we have less QWRs coupled to the optical mode, which is consistent with the spectral tuning of that laser, situated between QWR families P1 and P2 shown in Fig. 1(a) . 15 The wavelength of the lasing mode, k L (O1), is spectrally close to that of the second mode of the non-lasing cavity, k NL (O2) ¼ 1490 nm, which allows the comparison of the PF values obtained for each mode. Figure 3(c) shows the dependence of the decay time on the excitation power for the ensemble of QWRs at 1516 nm, which gives an increase of s 0 from 1.67 to 1.85 ns when the optical pumping intensity is reduced. This effect is due to the influence of the localized states. 15 The same figure shows the evolution of the decay time for the non-lasing mode O1 at k The PF of the O1 and O2 modes of the non-lasing cavity vary slightly from 1.24 and 1.29, respectively, at the lowest excitation power, to 1.44 and 1.58 at high powers (see Table  I ). required to fit the PL transients. If we use the short decay time obtained from the fittings, the ratio s 0 /s CAV can take values above 4 even at excitation powers of 7 lW, below the kink region. Since the localization effects must be similar in both lasing and non-lasing modes, we must attribute the decrease of the short decay time component just to light amplification. Only when the excitation power is below 3 lW the PL transients can be fitted to a single exponential.
To safely obtain the PF value, we extrapolate to zero excitation power the evolution of the time decay with the excitation power of Fig. 3(d) . We find a PF ¼ 1.2 at zero excitation power, which is quite similar to that measured in the nonlasing modes. The PF values of the non-lasing modes are in agreement with experimental results and simulations 15 for the same kind of cavities. The evolution of the PF with high excitation powers is explained by a reduction of the contribution of localization effects. In this case, the larger wavefunction extension of the free excitons (with respect to that of the localized ones) favors the overlap with the electromagnetic field of the cavity mode and hence the spatial tuning. 15 In summary, we have investigated the Purcell effect in lasing and non-lasing L7-PCMs embedding self-assembled InAs/InP QWRs. The decay transients have been studied as a function of the excitation power. In non-lasing modes, we have found that the PF slightly increases with excitation power. We attribute this effect to the higher overlap between excitons and cavity modes as the emission of localization centers saturates. In lasing modes, the decay time is strongly influenced by the light amplification, even at very low excitation powers. For such modes we have estimated the PF at zero excitation power from the evolution of s 0 /s CAV with the excitation power. 
